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Abstract
Background: This study aimed to investigate the value of left atrial (LA) strain and strain rate (S/SR)  
by transthoracic echocardiography (TTE) in predicting left atrial appendage (LAA) stasis, in order 
to find a way for LAA stasis screening which is easily performed in patients with nonvalvular atrial 
fibrillation (NVAF).
Methods: One hundred and thirty NVAF patients prepared for AF ablation were enrolled. TTE and 
transesophageal echocardiography (TEE) were performed in all patients. LA S/SR in each phase was 
analyzed off-line. LAA blood flow state and LAA function were assessed by using TEE.
Results: LA S/SRs during atrial reservoir phase (LA Sres/SRres) were significantly negatively cor-
related with LAA spontaneous echo contrast (SEC) grade (r = −0.567 and −0.520, respectively; all  
p < 0.01), and positively correlated with LAA emptying fraction (r = 0.602 and 0.619, respectively; all 
p < 0.01) and with LAA peak emptying flow velocity (r = 0.623 and 0.642, respectively; all p < 0.01). 
The multivariate logistic regression analysis showed LA Sres to be the strongest independent predictor of 
LAA stasis, followed by LA volume index. LA Sres < 13% was recommended to predict LAA stasis with 
sensitivity of 90% and specificity of 74%.
Conclusions: LA Sres by TTE can noninvasively predict LAA stasis and may be used as a screening 
tool to assist in the detection of LAA stasis in patients with NVAF. (Cardiol J 2018; 25, 1: 87–96)
Key words: strain, strain rate, left atrial, left atrial appendage stasis, nonvalvular atrial 
fibrillation, noninvasive
Introduction
Atrial fibrillation (AF) increases the risk of 
thromboembolic events. It was reported that 
dominant source of embolism (over 90%) is the 
left atrial (LA) appendage (LAA) in nonvalvular AF 
(NVAF) [1]. Although transesophageal echocardi-
ography (TEE) is a superior mode of imaging in 
detecting thrombi in the LAA, the frequent use of 
this imaging technique is limited due to its semi-
invasiveness [2]. So there is a need to find a non-
invasive and applicable assisted screening method.
The primary mechanism of LA thrombus for-
mation in patient with AF was thought to be blood 
stagnation induced by the lack of organized LA 
and LAA contraction. LAA function was reported 
to be correlated with LAA stasis [3]. Considering 
the structural integrity and functional consistency 
of LA and LAA, there should be a relation between 
LA function and LAA stasis. Two-dimensional (2D) 
speckle tracking echocardiography (STE) derived 
strain and strain rate imaging (S/SRI) has been 
confirmed to be a noninvasive and effective method 
in the quantification of LA mechanic function [4]. 
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Thus, the possibility of LAA stasis being existent 
might be inferred from LA S/SR on transthoracic 
echocardiography (TTE). In this study, the value of 
LA S/SR in predicting LAA stasis was investigated 
in patients with NVAF.
Methods
Study population
One hundred and thirty-four patients with NVAF 
referred to our echo lab for TEE evaluation before 
AF ablation from February 2014 to April 2015 were 
recruited. NVAF was diagnosed following the 2014 
AHA/ACC/HRS guideline [5]. Patients enrolled 
might also have following concomitant diseases: 
hypertension, diabetes mellitus, and coronary heart 
disease. The exclusion criteria were significant aortic 
or mitral valve disease (any degree of aortic/mitral 
valve stenosis or mitral/aortic regurgitation > II), 
cardiomyopathy, any systemic disease such as sig-
nificant liver disease, overt organ failure, neurologic 
disorders, malignant disease, hyperthyroidism, acute 
pulmonary disease or history of cardiac surgery. 
Warfarin was administered at the discretion of the 
physician in charge. The anticoagulation status was 
listed in Table 1.
This study was approved by the medical ethics 
committee of our hospital, and informed consent 
was obtained from all patients.
Echocardiography
All patients underwent TTE and TEE using 
a Philips iE33 ultrasound machine (Philips Medi-
cal Systems, Eindhoven, The Netherlands), with 
synchronous electrocardiogram (ECG) recording. 
All measurements were either given as the average 
values of 3 consecutive cardiac cycles in normal 
sinus rhythm (NSR) or the average values of 
5 consecutive cardiac cycles during the AF episode.
TTE
A complete and standard TTE was performed 
using a Philips iE33, equipped with a S5-1 probe. 
All measurements and evaluations were performed 
according to the guidelines of American Society 
of Echocardiography [6]. The average heart rate 
was recorded. The left ventricular ejection frac-
tion was measured using the modified Simpson’s 
biplane method. Transmitral peak early diastolic 
filling velocity E was recorded by pulsed-wave 
Doppler at the tips of the mitral valve leaflets in 
an apical 4-chamber view and tissue Doppler imag-
Table 1. Comparison of general clinical characteristics among three groups.
All patients
(n = 130)
Groups P
1 (n = 81) 2 (n =28) 3 (n = 21)
Age [years] 63.5 ± 9.2 63.1 ± 10.0 65.8 ± 6.5 61.9 ± 8.9 0.279
Female gender [%] 51 (39%) 37 (46%) 10 (36%) 4 (19%) 0.076
BSA [m2] 1.78 ± 0.18 1.86 ± 0.20 1.77 ± 0.17 1.76 ± 0.18 0.064
Heart rate [bpm] 82 ± 22 77 ± 20 91 ± 25* 90 ± 20* 0.003
Persistent AF [%] 71 (55%) 29 (36%) 23 (82%)* 19 (90%)* 0.000
AF episode duration > 1 year [%] 66 (51%) 40 (49%) 15 (54%) 11 (52%) 0.918
CHA2DS2-VASc 1.98 ± 1.20 1.96 ± 1.09 1.96 ± 1.09 2.05 ± 1.50 0.987
Hypertension 80 (62%) 48 (59%) 18 (64%) 14 (67%) 0.779
Diabetes mellitus 21 (16%) 13 (16%) 4 (14%) 4 (19%) 0.904
Vascular disease 6 (5%) 2 (2%) 2 (7%) 2 (10%) 0.301
Age ≥ 75 years 11 (9%) 7 (9%) 3 (11%) 1 (5%) 0.757
History of coronary artery disease 14 (11%) 10 (12%) 3 (11%) 1 (5%) 0.607
Current smoking 23 (18%) 14 (18%) 5 (18%) 4 (19%) 0.982
Hyperlipidemia 18 (14%) 8 (10%) 5 (18%) 5 (24%) 0.202
eGFR [mL/min/1.73 m2] 71.3 ± 18.3 72.8 ± 16.5 71.9 ± 17.3 65.2 ± 20.8 0.144
Medications:
Warfarin 54 (42%) 34 (42%) 11 (39%) 9 (43%) 0.961
INR 1.51 ± 0.66 1.49 ± 0.68 1.52 ± 0.59 1.57 ± 0.65 0.294
*p < 0.05, versus group 1; data are expressed as mean ± standard deviation or number (percentage); AF — atrial fibrillation; BSA — body 
surface area; eGFR — estimated glomerular filtration rate; INR — international normalized ratio
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ing was applied in the pulsed-wave Doppler mode 
to record the mitral annulus peak early diastolic 
velocities (e’) at the septal and lateral positions. 
The left ventricle (LV) filling index E/e’ ratio was 
calculated using the average of two positions of the 
mitral annulus. LA volumes were calculated from 
the apical 4- and 2-chamber views of the LA using 
the biplane method of the discs. The maximum LA 
volume was indexed by dividing the body surface 
area to acquire the LA volume index (LAVI).
Offline analyses — 2D STE S/SR
Two-dimensional apical 4-chamber views 
acquired with at least 60 frames per second were 
digitized during 5 consecutive cardiac cycles in 
cine-loop format.
Views were imported to the 2D speckle-
tracking workstation, TomTec-Image Arena 4.0 (2D 
Cardiac Performance Analysis; TomTec Imaging 
System, Munich, Germany). Each view was ana-
lyzed according to the following steps: using QRS 
onset of the ECG as the reference point, 5 cardiac 
cycles were selected. Next, the LA endocardial 
surface was traced manually by a point-and-click 
approach. An epicardial surface tracing was au-
tomatically generated by the system, creating 
a region of interest (ROI), which was manually 
adjusted to cover the full thickness of the LA wall. 
Before processing, a cine-loop preview feature 
visually confirmed that the internal line followed 
the LA endocardium throughout the 5 cardiac 
cycles. The software divided the ROI into 7 seg-
ments in each view and automatically calculated the 
average of 7 LA segments and generated average 
time-longitudinal S and SR curves. For each car-
diac cycle, we identified the LA reservoir S (Sres) 
= peak positive longitudinal S during ventricular 
systole – basic longitudinal S at the initial time of 
this cardiac cycle (corresponding to QRS onset of 
the ECG) from the average longitudinal S curve as 
an index for LA global reservoir function (Fig. 1). 
Peak positive longitudinal SR during the ventricu-
lar systole (SRres) and peak negative longitudinal 
SR (SRcond) during the ventricular early diastolic 
were identified from the average longitudinal SR 
curve, which were obtained to represent LA global 
reservoir and conduit function.
TEE
All subjects underwent TEE performed with 
a Philips iE33 (Philips Medical System, Eidhoven, 
The Netherlands), equipped with a S7-2 probe. 
With the subjects in the left lateral decubitus 
position, LAA was clearly visualized by turning 
the probe to the left and then flexing it to bring 
the LAA to the center of the imaging plane. Five 
consecutive cardiac cycles were acquired in cine-
loop format and stored for further analysis. LAA 
flow velocity was obtained by pulse-wave Doppler 
with the sample volume placed 1 cm away from the 
LAA orifice within the LAA cavity and Doppler 
signals were recorded in 5 to 10 consecutive cardiac 
cycles. The main parameters were observed and 
measured as follow:
1. LAA emptying function: The LAA area was 
measured by tracing a line from the top of the 
limbus of the left superior pulmonary vein 
along a straight line drawn to the aorta at the 
shortest distance of the base of the LAA and 
along the whole LAA endocardial border. The 
LAA maximal areas (LAAmax) were measured 
just before the P wave (end of LAA diastole) 
and LAA minimal areas (LAAmin) were meas-
ured at or just after the QRS complex (end 
of LAA systole) by planimetry when patients 
in NSR. In patients with AF, the LAAmax and 
LAAmin were visually determined by two ob-
servers independent of the ECG and measure-
ments. The LAA emptying fraction (LAA-EF) 
was calculated by the method described by 
Pollick and Taylor as ([LAAmax – LAAmin]/ 
/LAAmax × 100%) [3].
2. LAA flow velocity profile: The LAA peak 
emptying flow velocities and filling flow veloci-
ties were measured.
3. The presence of SEC and thrombus in 
LA or LAA: The spontaneous echo contrast 
(SEC) was defined as dynamic, smoke-like 
echoes swirling slowly in a circular pattern 
within the LA or LAA cavity despite adjustment 
in the gain setting and graded from 0 to 4+ ac-
cording to the severity of SEC proposed by Fat-
kin et al. [7]. Organized thrombus was defined 
echocardiographically as a well-circumscribed, 
uniform-consistency, highly reflective mass 
adhering to the wall of the LA or LAA. When 
dense SEC (grade 3+ or 4+) was present and 
organized into a dynamic and gelatinous, but 
not solid or well-formed echodensity present 
throughout the cardiac cycle, sludge was re-
ported [8]. Inter-observer differences in the 
grading of SEC and the presence of thrombus 
were resolved by consensus. As the sludge 
within LAA is an independent predictor of an 
increased risk for thromboembolism, whose 
rate is comparable with that related to LAA 
thrombus [9], LAA stasis was defined when 
sludge and thrombus were present in LAA. 
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The study subjects were classified into three 
groups according to SEC grade: group 1, SEC 
grade 0 (none); group 2, SEC grade 1+ and 
2+ (slight to mild); group 3, SEC grade 3+ 
and 4+ (moderate to severe), and thrombus. 
Intra-observer and inter-observer variability
Twenty images randomly selected respec-
tively from NSR and AF patients were analyzed by 
a second observer who was blinded to the values 
obtained by the first observer to assess the inter-
observer variability, and analyzed at a different time 
by the observer who was blinded to the results of 
the previous measurements to assess the intra-
observer variability. Inter- and intra-observer re-
producibility was assessed by calculating variability 
coefficients. Inter-observer variability coefficients 
were 4.4%, 4.1% and −5.0% for LA Sres, SRres and 
Figure 1. A–D. Left atrial (LA) strain and strain rate (S/SR) measurements in normal sinus rhythm (NSR) and atrial 
fibrillation (AF); Sres — global longitudinal strain during atrial reservoir phase; SRres — global longitudinal strain rate 
during atrial reservoir phase; SRcond — global longitudinal strain rate during atrial conduit phase.
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SRcond in NSR patients, respectively. Corresponding 
intra-variability coefficients were 3.0%, 3.4% and 
−3.3%. In AF patients, inter-observer variability 
coefficients were 6.7%, 6.8% and −7.0% for LA 
Sres, SRres and SRcond. Corresponding intra-variability 
coefficients were 5.7%, 5.4% and −6.3%, respec-
tively.
Statistical analysis
Continuous data were presented as the mean 
± standard deviation and dichotomous data as 
a percentage. Comparisons among three groups 
were performed using one-way analysis of vari-
ance (ANOVA) and non-parametric tests, when 
appropriate. Correlations between two variables 
were analyzed using Pearson’s test or Spearman’s 
test, when appropriate. To determine independent 
predictors of the presence of LAA stasis for all pa-
tients, logistic regression analysis was performed. 
Significant variables selected in univariate logistic 
regression analysis (p < 0.05) were entered into 
the multivariate analysis. Optimal cut-off values 
were obtained through receiver operating charac-
teristic (ROC) curves, which combined the higher 
value of specificity plus sensitivity for the predic-
tion of LAA stasis. A two-sided p-value < 0.05 was 
accepted as statistically significant.
All data were analyzed using SPSS version 
16.0 (SPSS Inc., Chicago, IL, USA) and MedCalc 
version 12.5.0.0 (MedCalc Software, Mariakerke, 
Belgium).
Results
Patient population
Four patients were excluded for incomplete 
S/SR analysis due to acquisition with inadequate 
imaging quality and the final study population 
consisted of 130 patients. No significant difference 
in general clinical characteristics was observed 
among the three groups except heart rate and the 
percentage of persistent AF (p < 0.05) (Table 1). 
Table 2. Comparison of echocardiographic parameters among three groups.
All patients
(n = 130)
Groups P
1 (n = 81) 2 (n =28) 3 (n = 21)
TTE parameters
LV EF [%] 61.0 ± 7.3 61.3 ± 6.9 62.4 ± 4.2 57.8 ± 10.5# 0.303
E/e’ ratio 10.3 ± 3.2 10.2 ± 3.4 9.6 ± 2.6 11.2 ± 3.2 0.205
LAVI [mL/m2] 37 ± 13 32 ± 12 44 ± 11* 50 ± 10*# 0.000
TEE parameters
LAA areamax [cm2] 5.9 ± 2.1 5.3 ± 1.5 6.3 ± 1.8* 7.7 ± 2.9*# 0.000
LAA areamin [cm2] 3.9 ± 2.1 3.0 ± 1.4 4.6 ± 1.7* 6.3 ± 2.7*# 0.000
LAA emptying fraction [%] 37.7 ± 18.9 45.9 ± 17.3 27.6 ± 13.8* 19.5 ± 10.1*# 0.000
LAA peak emptying flow velocity [cm/s] 49.1 ± 28.1 60.5 ± 26.5 38.6 ± 21.2* 19.4 ± 8.9*# 0.000
LAA peak filling flow velocity [cm/s] 51.1 ± 23.7 61.2 ± 20.8 44.1 ± 16.5* 21.6 ± 11.5*# 0.000
*p < 0.05, versus group 1; #p < 0.05, versus group 2; data are expressed as mean ± standard deviation; E — early diastolic mitral inflow;  
e’ — early diastolic mitral annular tissue velocity; LAA — left atrial appendage; LAVI — left atrial maximal volume indexed to body mass area; 
LV EF — left ventricular ejection fraction;  TEE — transesophageal echocardiography; TTE — transthoracic echocardiography
Table 3. Comparison of the left atrial strain and strain rate among three groups.
All patients
(n = 130)
Groups P
1 (n = 81) 2 (n =28) 3 (n = 21)
LA Sres [%] 20.1 ± 11.9 24.5 ± 12.3 15.1 ± 6.7* 9.5 ± 3.0*# 0.000
LA SRres [1/s] 0.91 ± 0.40 1.06 ± 0.40 0.77 ± 0.29* 0.54 ± 0.20*# 0.000
LA SRcond [1/s] –1.10 ± 0.43 –1.17 ± 0.47 –1.10 ± 0.36 –0.83 ± 0.27*# 0.006
*p < 0.05, versus group 1; #p < 0.05, versus group 2; data are expressed as mean ± standard deviation; LA — left atrial; SRcond — global lon-
gitudinal strain rate during atrial conduit phase; Sres — global longitudinal strain during atrial reservoir phase; SRres — global longitudinal strain 
rate during atrial reservoir phase
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Figure 2. A–C. Relation between left atrial (LA) strain 
and strain rate (S/SR) with left atrial (LA) spontaneous 
echo contract (SEC) grade; Sres — global longitudinal 
strain during atrial reservoir phase; SRres — left global 
longitudinal strain rate during atrial reservoir phase; 
SRcond — global longitudinal strain rate during atrial con-
duit phase.
In echocardiographic parameters, LAVI and LAA 
area were larger and LAA function was poorer 
in group 2 than in group 1 and these differences 
were much more significant in group 3 (p < 0.05) 
(Table 2).
LA S/SR and their relations  
with SEC grade
LA Sres and SRres were lower in group 2 than 
in group 1 and were further reduced in group 3 
(all p < 0.01). LA SRcond was decreased in group 3 
when compared with that in group 1 and 2 (p < 0.05), 
but no significant difference was observed between 
group 1 and group 2 (Table 3). The LA Sres and 
SRres showed a moderate rank correlation with 
SEC grade (r = −0.567 and −0.520, respectively; 
all p < 0.01) (Fig. 2A, B); LA SRcond shown a weak 
rank correlation with LA SEC grade (r = 0.229, 
p < 0.01) (Fig. 2C).
Relation between LA S/SR and  
LAA function
LA Sres and SRres were significant correlated 
with LAA functional parameters, including the LAA 
EF (r = 0.602 and 0.619, respectively; p < 0.01) 
(Fig. 3A, B) and LAA peak emptying flow veloc-
ity (r = 0.623 and 0.642, respectively; p < 0.01) 
(Fig. 3D, E). The LA SRcond showed a weak negative 
correlation with LAA EF (r = −0.351, p < 0.01) 
(Fig. 3C) and with LAA peak emptying flow velocity 
(r = −0.431, p < 0.01) (Fig. 3F). 
LA S/SR in prediction of LAA stasis
Logistic regression analysis was performed to 
identify independent predictors of the presence of 
LAA stasis (Table 4). In univariate logistic regres-
sion analysis, LA Sres, LA SRres, LA SRcond and LAVI 
were significantly associated with LAA stasis. In 
multivariate logistic regression analysis, LA Sres 
(odds ratio [OR] 0.76, 95% confidence interval 
[CI] 0.59–0.978; p = 0.033) and LAVI (OR 1.054, 
95% CI 1.001–1.110; p = 0.047) were found to be 
independent predictors of LAA stasis. Besides, LA 
Sres is the strongest independent predictor.
The optimal cut-off point of LAVI was recom-
mended as 40 mL/m2 (area under curve [AUC] 
value, 0.84; sensitivity, 86%; specificity, 68%; nega-
tive predictive values, 96%; positive predictive 
values, 34%). And the optimal cut-off point of LA 
Sres was recommended as 13% (AUC value, 0.86; 
sensitivity, 90%; specificity, 74%; negative predic-
tive values, 98%; positive predictive values, 40%), 
which was better than that of the LAVI in accuracy 
for predicting LAA stasis (Fig. 4).
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Figure 3. Correlation of left atrial (LA) strain and strain rate (S/SR) with left atrial appendage (LAA) functional param-
eters; Sres — global longitudinal strain during atrial reservoir phase; SRres — global longitudinal strain rate during atrial 
reservoir phase; SRcond — global longitudinal strain rate during atrial conduit phase.
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Table 4. Univariate and multivariate logistic regression analyses for left atrial appendage stasis.
Odds ratio 95% confidence interval P 
Univariate analyses
LA Sres 0.760 0.658–0.877 0.000
LA SRres 0.007 0.001–0.081 0.000
LA SRcond 13.483 2.463–73.803 0.003
LAVI 1.106 1.056–1.160 0.000
CHA2DS2-VASc 1.144 0.782–1.673 0.490
History of coronary artery disease 2.708 0.335–21.902 0.350
Hypertension 1.354 0.506–3.624 0.546
Persistent AF 1.345 0.528–3.434 0.533
E/e’ ratio 1.111 0.969–1.274 0.131
Heart rate 1.017 0.997–1.037 0.096
Multivariate analyses
LA Sres 0.760 0.590–0.978 0.033
LA SRres 2.760 0.022–344.672 0.680
LA SRcond 0.716 0.066–7.776 0.784
LAVI 1.054 1.001–1.110 0.047
AF — atrial fibrillation; E — early diastolic mitral inflow; e’ — early diastolic mitral annular tissue velocity; LA — left atrial; LAVI — left atrial 
maximal volume indexed to body mass area; Sres — global longitudinal strain during atrial reservoir phase; SRres — global longitudinal strain 
rate during atrial reservoir phase; SRcond — global longitudinal strain rate during atrial conduit phase
Figure 4. Receiver operating characteristic curves of LA 
Sres and LAVI for predicting left atrial appendage stasis; 
LA — left atrial; LAVI — left atrial maximal volume 
indexed to body mass area; Sres — global longitudinal 
strain during atrial reservoir phase.
LAA stasis. The relationships between LA S/SR 
on TTE, especially during the atrial reservoir 
phase, and LAA stasis were demonstrated in this 
study. Besides, the multivariate logistic regression 
analysis showed that LA Sres was the strongest in-
dependent predictor of the presence of LAA stasis. 
Conventional 2D TTE has a low sensitivity of 
only 3–19% for the detection of thrombi in LA and 
especially in LAA [10]. When the formed thrombi 
are absent, a dense SEC has been demonstrated 
to be a strong predictor of ischemic stroke [11]. 
Although TEE detects LA or LAA thrombi with 
a sensitivity and specificity of 95–100%, it may not 
be performed arbitrarily as it is a semi-invasive 
procedure [12]. Therefore, it would be helpful for 
guiding TEE application if there are some other 
noninvasive imaging modalities for predicting LAA 
stasis in contemporary clinical practice.
Several studies were attempted to resolve the 
problem, such as that performed by Tamura et al. 
[13] and Uretsky et al. [14]. They suggested that 
Doppler tissue velocity of the LAA tip measured 
from the TTE was an independent predictor of 
LAA thrombus formation and may be useful for risk 
stratification of AF. However, the LAA is generally 
difficult to be clearly and totally visualized on TTE, 
which results in a challenge to acquire satisfactory 
LAA velocity indices by TTE. The feasibility and 
reliability of LA STE-S/SR has been demonstrated 
Discussion
This study was attempted to find a new nonin-
vasive and applicable image modality for screening 
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to have adequate tracking quality in 93% of patients 
with AF with inter- and intra-observer variability 
ranging between 2.9% and 10.5% [15]. It took 
about 2–3 min to do LA S/SR assessment for each 
patient after practice. So the LA S/SR analyses 
would be more clinically practicable. It will provide 
incremental information and could be integrated 
in the assessment and the risk stratification of AF 
patients.
It has been reported that decreased LAA EF 
and reduced LAA emptying velocity measured 
by TEE correlate strongly with the presence of 
SEC and thrombus in LA or LAA [16, 17]. The 
correlations between LA S/SR with LAA function 
parameters, and SEC grade, show the potential 
application of LA S/SR in predicting LAA stasis. 
Compared with the modest correlations between 
LA S/SR in reservoir phase and those parameters 
above, LA SRcond only had a weak negative correla-
tion with them. A potential reason might be that 
the decreased S/SR during the reservoir phase 
has been closely correlated with structural and 
electrophysiological atrial remodeling during AF, 
including LA dilatation and increased interstitial 
fibrosis as documented by magnetic resonance 
imaging [18]. But LA SRcond is also subject to LV 
pressure, besides reflecting LA intrinsic deforma-
tion properties.
In this study, there were significant differ-
ences concerning heart rate and the incidence of 
persisting AF among three groups. The incidence 
of persistent AF in patients with SEC or thrombi 
was higher than in patients without such changes. 
This phenomenon was also reported by Steinberg 
et al. [19]. The mechanism may be multifactorial, in 
which long period of LAA/LA stunning and changes 
in the LA wall structure are included. LA structural 
remodeling and mechanic functional impairment 
induced by persistent AF may be expressed by 
increased LAVI and decreased LA S. According 
to the result of univariate analysis, heart rate, 
persisting AF, as well as CHA2DS2-VASc, coronary 
artery disease, hypertension, and E/e’ ratio, were 
not significant in predicting LAA stasis.
LA Sres was found to be the strongest inde-
pendent predictor of LAA stasis in multivariate 
analysis, followed by LAVI. LA SRres and LA SRcond, 
which were found significant in univariate analysis, 
no longer maintained their significance in multi-
variate analysis. We thought it should be rational 
for an association of LA strain rather than strain 
rate with LA stasis, since probably the overall 
amount of deformation (lengthening or shorten-
ing) may be more strongly related to changes of 
LA volume and contribute more to maintaining LA 
reservoir and emptying function than the speed at 
which deformation occurs. In our sample, LAVI 
was also shown to be an independent predictor of 
LAA stasis, although it was not as strong as LA 
Sres. The associations between LA size and TEE 
changes were also described in the previous stud-
ies [20]. In this study, the significant difference in 
LAVI among three groups, which were classified 
according to SEC grade, were also consistent with 
these points of view. The recommended cut-off 
points for LA Sres and LAVI for predicting LAA 
stasis, which were identified by the constructed 
ROC curves, were 13% and 40 mL/m2, with sen-
sitivity 90% and 86%, specificity 74% and 68%, 
respectively. The AUC value of LA Sres was higher 
than that of LAVI. Consequently, LA Sres would be 
better than LAVI in accuracy for predicting LAA 
stasis based on multivariate logistic regression 
and ROC analysis.
The reason of LA Sres being valuable in predict-
ing LAA stasis should be mainly because of the re-
lations between LA function and LAA stasis. LA S 
can be used to evaluate LA function in a sensitive 
and accurate manner [21]. The primary mechanism 
of thrombus formation in LA or LAA is their dys-
function in patients with AF. In healthy individuals, 
the highly dynamic LA and LAA structure pre-
vents stasis. In case of its dysfunction, SEC and/
or thrombus formation may develop in association 
with increased stasis [22, 23]. LAA develops as 
a residue originating from LA at 4 weeks of em-
bryonic development. Although the ultrastructural 
and physiological characteristics of LAA develop 
independently from LA in this process, muscle cell 
structures and the myocardium of both structures 
are similar [22]. Thus, as a component of LA, 
LAA functions are thought to be reflected by LA 
structural and functional parameters. A positive 
correlation between LA and LAA functions has 
already been reported in several studies [24]. 
Meanwhile, the relationship between LA S/SR and 
LAA functional parameters demonstrated in this 
study also confirms this point of view.
Limitations of the study
Firstly, the medication for anticoagulation 
before AF ablation depends on the physicians in 
charge. Warfarin’s impact on LAA blood status 
was debatable [25]. In this study, there was no sig-
nificant difference in anticoagulation status among 
three groups. Considering the LAA stasis’s defini-
tion including SEC 3+, SEC 4+, and thrombi in 
this study, the influence of anticoagulant therapy on 
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the results should be able to be ignored. Secondly, 
this was a relatively small study; further confirma-
tion of our results is needed in larger prospective 
investigations. 
Conclusions
In conclusion, decreased LA strain in reservoir 
phase by TTE may be a novel noninvasive index 
for predicting LAA stasis in patients with NVAF. It 
may be useful for the detection of LAA thrombus 
and risk stratification of embolism.
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